Since launch in 1999, the NASA EOS Terra MODIS has successfully operated for more than a decade. MODIS acquires data in 36 spectral bands with wavelengths ranging from visible (VIS) to long-wave infrared (LWIR) and at three nadir spatial resolutions: 250m for 2 bands, 500m for 5 bands, and 1km for 29 bands. In addition to its on-board calibrators (OBC), designed for sensor radiometric calibration and characterization, MODIS was built with a unique device called the spectro-radiometric calibration assembly (SRCA), which can be configured into three different modes: radiometric, spatial, and spectral. When it is operated in the spectral mode, the SRCA can monitor changes in sensor spectral performance for the VIS and near-infrared (NIR) spectral bands. For more than 10 years, the SRCA operations have continued to provide valuable information for Terra MODIS on-orbit spectral performance. This paper briefly describes Terra MODIS SRCA on-orbit operations and calibration activities and presents results derived from its decade-long spectral characterization, including changes in the VIS and NIR spectral bands center wavelengths (CW) and bandwidths (BW). It demonstrates that the SRCA on-orbit wavelength calibration capability remains satisfactory. For most spectral bands, the changes in CW and BW are less than 0.5 nm and 1.0 nm, respectively. As expected, results and lessons from Terra MODIS on-orbit spectral characterization have and will continue to benefit the operation and calibration of its successor, Aqua MODIS, and the development of future missions and sensors, which have stringent requirements on sensor spectral performance.
INTRODUCTION
The MODIS was developed by NASA's Goddard Space Flight Center (GSFC) in response to the need of the science community to extend and enhance the data records from heritage earth observing sensors, such as the Advanced Very High Resolution Radiometer (AVHRR), the High resolution Infrared Radiation Sounder (HIRS), the Coastal Zone Color Scanner (CZCS), and the Enhanced Thematic Mapper Plus (ETM+). It was designed and built with an overall improvement in terms of its spectral range, spatial resolution, and continuous earth observations. It is one of the key instruments for NASA's Earth Observing System (EOS) missions, currently operated on-board both the Terra and Aqua spacecrafts. MODIS data products support a broad range of applications and research activities, including studies of changes in the Earth's land, oceans, and atmospheric properties [1] [2] [3] .
The first MODIS instrument was launched on-board the NASA EOS Terra spacecraft on December 18, 1999. Following a series of initial activities to activate and outgas the sensor, control the cold focal plane assembly (FPA) temperatures, and check the functions of its on-board calibrators (OBC), the first MODIS earth observations were made on February Because of the importance of MODIS data quality, its on-orbit observations are calibrated using a set of OBC, which include a spectro-radiometric calibration assembly (SRCA). In addition to its radiometric capability, the SRCA is primarily used for monitoring sensor on-orbit spectral and spatial performance. When it is operated in its spectral mode, the changes in the spectral responses of MODIS VIS and NIR spectral bands can be characterized. After more than 10 years of on-orbit operations, the Terra MODIS SRCA on-orbit spectral calibration capability has remained satisfactory. This paper provides a brief description of MODIS SRCA design functions, its on-orbit operations, and calibration activities with a focus on the spectral characterization and performance. It illustrates Terra MODIS decade-long spectral characterization results, including chances in the center wavelengths (CW) and bandwidths (BW) of its VIS and NIR spectral bands. From launch to present, the changes in the CW and BW are less than 0.5 and 1.0 nm, respectively, for most spectral bands. Also discussed in the paper are existing concerns and lessons learned from Terra MODIS on-orbit spectral characterization.
MODIS ON-BOARD CALIBRATORS
The 36 spectral bands of MODIS include 20 reflective solar bands (RSB), with wavelengths from 0.41 to 2.2μm, and 16 thermal emissive bands (TEB), with wavelengths from 3.7 to 14.4μm. The RSB include seven VIS, nine NIR, and four SWIR spectral bands, and the TEB include six MWIR and ten LWIR spectral bands. The MODIS spectral bands are located on four focal plane assemblies (FPA): VIS, NIR, SMIR (for SWIR and MWIR), and LWIR FPA. A complete set of OBC are used to track on-orbit changes in MODIS spectral bands and detector performance, in terms of their radiometric responses and their spatial and spectral characteristics. Typically, the RSB radiometric responses are calibrated using a solar diffuser (SD), made of space grade spectralon materials, and a solar diffuser stability monitor (SDSM), which is a ratioing radiometer designed to track the SD on-orbit degradation. The TEB radiometric responses are calibrated by a v-groove blackbody (BB), which can be operated at different temperatures from instrument ambient (about 270K) to 315K. As described earlier that the sensor spectral (VIS and NIR only) and spatial (RSB and TEB) characteristics are monitored using the on-board spectro-radiometric calibration assembly (SRCA) [4] [5] [6] [7] [8] [9] [10] . Figure 1 shows a schematic of the MODIS scan cavity and locations of its OBC (left). The SRCA, also shown in Figure  1 (right) with more details, is a unique on-board device that can be operated in three modes: spectral, spatial, and radiometric. When it is configured in the spectral mode, the grating in the grating/mirror assembly is selected. The SRCA becomes a small grating monochromator with an internal light source provided by a mini spectral integration sphere (SIS). The 2-inch diameter SIS has 6 lamps (four 10-W lamps and 2 1-W lamps). One 10-W lamp and one 1-W lamp are backups. Depending on the SRCA function, different combinations of lamps are used. During on-orbit spectral calibration, the monochromatic light from the SRCA is directed to MODIS via a beam collimator, consisting of a primary and secondary mirror, and a 45° mirror. One of the key features of MODIS on-orbit spectral characterization is that the SRCA can perform wavelength self-calibration through the use of a didymium glass filter. The wavelength calibration is referenced to the well-characterized spectral features in the didymium filter transmission spectrum. This is accomplished using a pair of calibration and reference photodiodes. The calibration photodiode is mounted behind the didymium filter, which is located next to the monochromator's exit. The reference photodiode is located at the collimator's secondary mirror. Due to the limited spectral response range of silicon photodiodes, the wavelength selfcalibration can only be made for the MODIS VIS and NIR spectral bands 11 . Table 1 is a summary of specified center wavelengths and bandwidths for the MODIS VIS and NIR spectral bands. When the SRCA is used for spatial and radiometric calibration, the mirror in the grating/mirror assembly is selected instead 8 . 
ON-ORBIT SPECTRAL CALIBRATION
The relative spectral response (RSR) or the spectral response function (SRF) of each of the MODIS spectral bands was characterized pre-launch by the instrument vendor using a ground-based spectral measurement assembly (SpMA). The ground to on-orbit spectral calibration transfer was achieved through pre-launch measurements made by the SpMA and SRCA under the same operational conditions. As stated above, on-orbit SRCA spectral calibration can be made for the MODIS VIS and NIR spectral bands.
During SRCA spectral calibration, the MODIS detector's relative spectral response, rsr(λ), is proportional to its response to the SRCA monochromatic light, dn(λ). Thus,
where C(λ) is a correction factor for SRCA source spectrum. It is measured using the SRCA reference photodiode's relative spectral response and its response to SRCA monochromatic light at wavelength λ. The SRCA source wavelength, λ, is calibrated using simultaneous responses from the calibration and reference photodiodes. A number of didymium filter transmission peaks are derived using the ratios of the calibration photodiode signals to the reference photodiode signals as a function of grating steps and compared to the known filter transmission profile that was well calibrated pre-launch.
The wavelength of the light coming from the monochromator is related to its grating angle, θ, through the following grating equation,
where A and m are the grating spacing and diffraction order, respectively. θ off and β are the grating angle offset and its half angle, which are tracked on-orbit using the measured didymium transmission profile and the reference didymium transmission profile. Depending on the wavelength range, different band-pass filters on the filter wheel are selected. It is worth pointing out that in order to compare SRCA spectral calibration results with pre-launch RSR derived from SpMA measurements, the impact due to the finite width of SRCA exit slit needs to be removed from the rsr(λ) derived from Eqn. 1.
From launch to present, Terra MODIS has performed more than 45 SRCA spectral characterizations (Table 2 ). There were many spectral characterizations performed during the first year of the Terra mission, most of which were performed to help characterize out-of-band (OOB) thermal leaks and electronic crosstalk in the MODIS SWIR bands. On-orbit SRCA operations are normally carried out during spacecraft nighttime orbit. As a result, each set of SRCA spectral characterization typically consists of measurements made in 4 consecutive orbits. In addition, two different levels of source illumination are used for each set of spectral characterization ( 
RESULTS AND DISCUSSION

Relative Spectral Responses
Illustrated in Figure 2 are examples of Terra MODIS on-orbit relative spectral responses retrieved from SRCA measurements for bands 10, 11, 14, 15, 18, and 19 (mid detectors). For comparison purposes, the pre-launch RSR derived from the SpMA are also plotted (in-band only) in Figure 2 . Note that the on-orbit RSR profiles do not cover the entire range of pre-launch RSR. This is mainly due to the limited range used for the on-orbit measurements and on-orbit calibration source, detector signal levels, and time constraints. Nevertheless, the available ranges of on-orbit RSR, varying from band to band, are sufficiently wide enough to determine detectors' center wavelengths and bandwidths and to track their changes on-orbit. On-orbit lamp degradation and changes in the MODIS detectors' responses could impact the quality of their RSR characterization. Before February 2006, bands 10 and 11 RSR were measured using the 30 W lamp configuration. Since then, the 20 W lamp configuration has been used. It is not difficult to identify the impact due to this change from Figure 2 . Bands 14, 15, 18, and 19 have been using the same 10 W lamp configuration over the entire mission.
MODIS bands 8-16 are designed with relatively high gains for ocean color applications. However, the lamp output is generally much lower at the VIS region than that at the NIR region. Thus, most VIS spectral bands use the 30 W (now 20 W) lamp configuration for their spectral calibration. Table 4 is a summary of MODIS VIS and NIR spectral band (mid detectors, mirror side 1, yearly averaged) responses in digital counts over time. The instrument background has been removed from the digital counts. 
On-orbit Changes in Center Wavelengths and Bandwidths
Once the on-orbit RSR are retrieved from SRCA measurements, the detectors' center wavelengths and bandwidths can be determined. The CW are derived using
Since on-orbit RSR do not cover the entire wavelength range, the summation in Eqn. 3 is made from 0.3 (left side) to 0.3 (right side) of the maximum RSR(λ). The full width at half maximum (FWHM) of the RSR(λ) is used as the spectral BW. On-orbit changes in the CW and BW are illustrated in Figures 3 and 4 , respectively, for Terra MODIS VIS and NIR spectral bands on a yearly averaged basis. The band numbers on the x-axis are listed in the same order as the band locations on the focal plane. The changes in Terra MODIS VIS and NIR CW are generally less than 0.5 nm over the entire mission with the exception of band 8 and a few outliers from recent measurements. For the BW, the changes are typically less 1.0 nm except for band 19, which has the largest bandwidths (50 nm) among all MODIS spectral bands. Results in Figures 3 and 4 have clearly demonstrated excellent spectral performance for Terra MODIS VIS and NIR spectral bands. Band 2 results are not included here because its on-orbit spectral calibration uses a configuration (grating order, lamp configuration) different from its pre-launch calibration measurements. The change of the calibration configuration led to invalid reference. Currently, an internal study is underway to derive a new approach that could allow on-orbit changes of band 2 RSR (CW and BW) to be accurately monitored. 
Mirror Side Differences
On-orbit spectral calibration is performed for individual detectors in MODIS VIS and NIR spectral bands using both sides of the scan mirror. The differences between the center wavelengths (CW) derived from measurements through mirror side 1 and through mirror side 2 are illustrated in Figure 5 for the same spectral bands as those in Figure 2 . To minimize the impact due to SRCA source uniformity, two end detectors (1 and 10) are not included in this study. In general, the differences among individual detectors are also very small. As expected, relatively large variations could be seen in the bands with low detector responses to SRCA illumination. Except for band 19, the mirror side differences are extremely small for all detectors, less than 0.2 nm. Again, band 19 has the largest bandwidths. Similar results are presented in Figure 6 for the spectral bandwidths.
Current results show band 19 CW from mirror side 1 are consistently smaller than that from mirror side 2. A future study has been planned to address the cause of this phenomenon. 
Discussion and Lessons
The Terra MODIS spectro-radiometric calibration assembly (SRCA) has successfully operated for more than 10 years in all three different modes; radiometric, spectral, and spatial. This study focuses on the use of its spectral mode. Results from a decade of Terra MODIS on-orbit spectral calibration have provided very comprehensive and invaluable information, enabling a better understanding of sensor on-orbit overall performance.
To the best of our knowledge, MODIS was the first earth-observing imaging spectroradiometer equipped with a spectral calibration device. It is, therefore, not surprising that many lessons have been learned from the SRCA design, development, characterization, and on-orbit operations. Some key lessons are listed for future references,
• Use or select lamps with sufficient lifetime or quality. Currently only 2 of 4 lamps in SRCA SIS can be used for high quality calibration and characterization.
• Calibrate the SRCA the same way as it is used on-orbit. If no change was made, the band 2 calibration results would have been readily available.
• Operate lamps with configurations (constant current mode versus constant radiance mode or configuration) based on the SRCA function.
• Improve the calibration spectral (wavelength) range. This requires careful planning to extend and balance the wavelength range for RSR measurements.
• Replace lamp with LED to improve source output at short wavelengths. As a result of technology advancements, the conventional lamp source can be replaced by new sources like an LED.
• Change the design configuration or location of the SRCA to remove daytime light contamination so that the spectral calibration can be performed continuously throughout the entire orbit. This will save significant time needed to warm the lamps at the beginning of each calibration sequence, and thus the lamp lifetime.
Both Terra and Aqua MODIS were built with the same SRCA device. Since Aqua was launched in 2002, the Terra MODIS SRCA operation and calibration activities and performance have greatly benefitted from the use of the Aqua MODIS SRCA. The Visible/Infrared Imager Radiometer Suite (VIIRS) is a key sensor for the soon to be launched on the National Polar-orbiting Operational Environmental Satellite System (NPOESS) Preparatory Project (NPP) satellite. It is also to be included in the Joint Polar Satellite System (JPSS) and the Defense Weather Satellite System (DWSS), the restructured civilian and defense portions of the NPOESS program, respectively. VIIRS is a follow-on sensor for NASA's Earth Observing System (EOS) Terra and Aqua MODIS. Its on-board calibrators include MODIS-like SD, SDSM, and BB. However, as an effort to reduce the cost, VIIRS was designed without an SRCA. In addition to the cost factor, the CW and BW stability revealed by Terra MODIS SRCA on-orbit results at the mission beginning contributed useful information toward helping to make the decision.
SUMMARY
MODIS spectro-radiometric calibration assembly (SRCA) is a unique device with multiple functions. It can be commanded to change its configurations or operational modes, which include radiometric, spatial, and spectral calibration modes. This paper focuses on Terra MODIS SRCA spectral calibration activities and presents its on-orbit performance. For more than a decade, changes in the VIS and NIR spectral band RSR are monitored on a regular basis and compared to their pre-launch calibration and characterization results. It is demonstrated that for more than 10 years the SRCA has continued to function with satisfactory performance and has provided valuable information about Terra MODIS on-orbit spectral performance. For most spectral bands, the changes in their center wavelengths and bandwidths are less than 0.5 nm and 1.0 nm, respectively, and the mirror side differences are shown to be relatively small. Although the band 2 RSR is currently unable to be compared to its pre-launch profile, a study is being carried out in order to accurately monitor its on-orbit changes. Also discussed in this paper are invaluable lessons for future missions.
